The fate of the colliding Indian and Asian tectonic plates below the Tibetan high plateau may be visualized by, in addition to seismic tomography, mapping the deep seismic discontinuities, like the crust-mantle boundary (Moho), the lithosphere-asthenosphere boundary (LAB), or the discontinuities at 410 and 660 km depth. We herein present observations of seismic discontinuities with the P and S receiver function techniques beneath central and western Tibet along two new profiles and discuss the results in connection with results from earlier profiles, which did observe the LAB. The LAB of the Indian and Asian plates is well-imaged by several profiles and suggests a changing mode of India-Asia collision in the east-west direction. From eastern Himalayan syntaxis to the western edge of the Tarim Basin, the Indian lithosphere is underthrusting Tibet at an increasingly shallower angle and reaching progressively further to the north. A particular lithospheric region was formed in northern and eastern Tibet as a crush zone between the two colliding plates, the existence of which is marked by high temperature, low mantle seismic wavespeed (correlating with late arriving signals from the 410 discontinuity), poor Sn propagation, east and southeast oriented global positioning system displacements, and strikingly larger seismic (SKS) anisotropy.
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Tibetan lithosphere | receiver functions | anisotropy I t has long been recognised that the Tibetan plateau was created by the collision of the northward moving Indian plate and the relatively stationary Asian plate, which began about 50 million yr ago (1) . However, the mode of deformation of the mantle lithospheres (2) remained largely unknown. A fundamental question is whether the postcollision convergence of India and Asia, estimated at >2;000 km (3, 4) , was accommodated by homogeneous thickening or plate subduction (2) . Global positioning systems (GPS) measurements have shown that at present an eastward motion dominates the surface deformation of northern and eastern Tibet (5). GPS and seismic anisotropy (6) indicate extrusion also of the deep Tibetan lithosphere to the east and southeast. Most surface wave studies revealed a thick lithosphere beneath much of the plateau (7-12), whereas body wave tomography observed the subducted Indian mantle lithosphere characterized by high wavespeed, in contrast to the Asian mantle lithosphere (13) (14) (15) . Recently a high resolution P travel time tomographic study (15) imaged the high velocity Indian lithosphere in western Tibet below the entire plateau down to 300-400 km depth. In eastern Tibet, however, the front of the Indian plate is located south of the Yarlong-Zangbo Suture (YZS) (15) . Relatively slow wave speeds are found in the upper mantle below the central and northeastern parts of the plateau. Modeling indicates that the Tibetan part of the lithosphere originated from the progressive accretion of a number of continental or island-arc type blocks before India came into direct contact with Asia (16) or stepwise subduction of the Asian plate (17) . The Tibetan lithosphere is warm and weak in the north and northeast and therefore tends to deform within the framework of the Indo-Asian collision. High-frequency Sn waves are severely attenuated in the uppermost part of the mantle (18). Barron and Priestley (19) conclude from frequency dependent Sn propagation in Tibet that the lithosphere below the entire plateau is still intact and that there might be only in northern Tibet indications of a hot sub-Moho upper mantle with some melt. Liang and Song (20) obtain from Pn tomography a seismic model that is consistent with underthrusting in the south, shortening in the north and extrusion in the east and southeast of Tibet. All this information about north-central and eastern Tibet leads to the conclusion that this zone may act as a deformable crush zone between the colliding plates.
A large number of broadband passive source seismic experiments have been conducted in the Tibetan plateau over the last 20 yr. Most of them are located in southern central and eastern Tibet. We conducted in the period from September 2005 to November 2007 two densely spaced seismic profiles in the western part of the plateau (Fig. 1) , thus filling gaps. Within the recording period 478 teleseismic earthquakes with high signal-to-noise ratio were recorded by approximately 150 stations. We calculated P and S receiver functions from the seismic records. The P receiver function technique is a conventional seismic method routinely used to investigate the Earth's structure. A description of the more recent S receiver function technique can be found; e.g., in Yuan et al. (21) . The essential point of this technique is that seismic waves from far away penetrate the Tibetan plateau from below. At interfaces with changing physical properties (seismic impedance) mode conversion occurs from one wave type to another (i.e., compressional-to-shear or shear-to-compressional). The converted seismic waves are weak but can be made visible with techniques to obtain an image of discontinuities in the entire upper mantle below Tibet.
We describe here results from our two recent profiles and from other experiments (INDEPTH, 1991-1992 PASSCAL, Tien Shan and Karakoram) (22) (23) (24) . We herein call our recent profiles the west and central lines. The station locations are shown in Fig. 1 , as well as in Fig. S1 , where the piercing point locations from the Moho, the lithosphere-asthenosphere boundary (LAB), and the 410 and 660 km discontinuities are also indicated. Location of earthquakes used are shown in Fig. S2 . Fig. 2 shows the S receiver functions along the two recent profiles down to about 350 km depth. The P receiver functions down to 800 km depth are shown in Fig. 3 . We did not show S receiver functions to a depth larger than about 300 km, because receiver functions of S phases are not very suitable to image the mantle transition zone.
Author contributions: J.Z. and H.L. designed research; J.Z., H.L., S.P., R.K., Z.Z., J.T., L.D., X.G., Q.X., and W.W. performed research; J.Z., X.Y., H.L., P.K., Q.X., and W.W. analyzed data; and J.Z., X.Y., and R.K. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission. 
Results
The Tibetan Moho can clearly be seen in the S (Fig. 2) and P ( Fig. 3 ) receiver functions along the west and central lines. We used the IASP91 global reference model (25) for the conversion of differential times into depths. The obtained depths are relatively insensitive to absolute velocities because the differential times depend largely on velocity differences. In the S and P receiver function sections (Figs. 2 and 3) the depth of the Moho increases from approximately 50 km at the southern edge of Tibet to approximately 80 km beneath the central plateau and decreases again to shallower depth to the north. The Moho suddenly shallows by approximately 20 km across the border of Tibet to the Tarim Basin, which is seen in P and S receiver functions. The elevation change across the Altyn-Tagh Fault (ATF) ( Fig. 2A) contributes only about 10% to the Moho step observed there. Similar Moho offsets are also observed at the border to the Qaidam and Sichuan basins (26) (27) (28) (29) . The Moho offsets at the northern and eastern borders of Tibet are significant features and they indicate that the dominant mode of crustal shortening is pure shear thickening without much underthrusting. This is very different from southern Tibet. In southern Tibet, besides the general underthrusting of the Indian crust below the Tibetan crust along the Main Himalayan Thrust, underthrusting of the Indian lower crust below the Tibetan crust is also observed north of the YZS in an extended region (22, (30) (31) (32) .
A negative signal below the Moho may be identified in both sections in Fig. 2 within the time window of 10-30 s, indicating a seismic discontinuity with a relatively sharp velocity reduction downward. We interpret these negative phases as representing the LAB. On the west line ( Fig. 2A) , the Indian LAB gradually deepens from approximately 120 km depth in the south to approximately 200 km depth in central Tibet. It then remains horizontal up to the data gap at 36°N. Further north, the Asian LAB is visible at a depth of approximately 150 km beneath the ATF. There is a jump of about 50 km to shallower depth from Indian LAB to the Asian LAB at the northern edge of Tibet along the west line. This indicates that the northwestern boundary of Tibet cuts across the whole lithosphere and therefore supports the mode of deformation there, which is expressed by strike-slip faults. On the central line (Fig. 2B ) the Indian LAB is deepening from about 120 km depth at the southern end of the profile to about 200 km below the Bangong-Nujiang Suture (BNS). The Asian LAB is deepening from 120 km beneath the northern end of the profile to about 140 km below the BNS. There is also, like at the west line, a jump of about 50 km between Indian and Asian LAB. This jump occurs on the central line below the BNS, and on the west line between Jinsha-River Suture (JRS) and ATF. These locations of the LAB jumps seem to mark the location of the northernmost extension of the Indian lithosphere beneath Tibet along the west and central lines. The BNS was also determined as northern end of the Indian mantle lithosphere by the neighboring INDEPTH profile (23) [called east line in Fig. 1 (see also Fig. S3) ].
In the P receiver functions in Fig. 3 besides the Moho, we also see clearly the conversions from the 410 and 660 discontinuities. Also, typical for P receiver function, crustal multiples are visible. These multiples may be useful for crustal studies, but they are also corrupting the depth region from about 200-300 km for the observation of direct conversions. Multiples from internal crustal discontinuities may also corrupt shallower depth regions. There are also a number of blue regions (meaning negative velocity jumps) below the Moho in Fig. 3 , which are probably not multiples. The clearest structures are marked by a red dashed line. The continuous thin black lines mark the locations of the Asian LAB from the S receiver functions in Fig. 2 . Both lines are overlapping to a large extent. This could mean that the Asian LAB reaches relative far to the south above the Indian LAB. This would indicate a complicated interaction of the two lithospheres. However, these observations are still too vague to be final. We have assembled in Fig. 4 sketches of profiles across the collision zones of the two plates based on observations of seismic discontinuities. Two older profiles [east line (23) and the Tien Shan-Karakoram (TK) line (24) ] and our two recent profiles (west line and central line) are presented. Fig. 4 resembles sketches by Willett and Beaumont (2) who discuss possible models of the collision of the two lithospheric plates. The crust is marked yellow in all profiles without any details or separation between the different plates, because details of the crustal interior are not the aim of our present receiver function study. The only exception is the indicated sudden jumps in Moho depth in northern and eastern Tibet (west line and east line). These steps are also marked in Fig. 1 by black bars. The Moho is observed by both, P and S receiver functions. The Moho step indicated at the Qaidam Basin Fault (QBF in Fig. 4 ) north of the east line was observed by Zhu and Helmberger (28) and Shi et al. (29) . The Indian mantle lithosphere is marked blue and the Asian mantle lithosphere green in Fig. 4 . All LAB observations are obtained with S receiver functions. The upper boundaries of the subducting lithospheres are not observed, neither with P receiver functions, nor with S receiver function. There is only one exception at the east line. Along this line additional positive discontinuities (velocity increase downward) have been observed in P receiver functions above the LAB (22, 33) . They are marked with black dashed lines in Fig. 4 (east line) . A summary of the LAB observations in Tibet is also shown in Fig. 1 (heavy blue and green (Fig. 3A) . There are several blue structures below the Moho at both profiles, indicating negative velocity jumps downward. The clearest ones are marked by red dashed lines. The Asian and Indian LAB (thin black lines) from Fig. 2 is also marked for comparison. There seems to be a good correlation between Asian LAB in S and P receiver functions. There are, however, many more blue structures in this depth region that remain unexplained. Multiples are always a severe problem in P receiver functions, but not in S receiver functions. arrows). The northern extension of the Indian LAB beneath Tibet ends abruptly at a depth of about 200 km near the ATF at the west line and near the BNS at the central and east lines. North of this jump the Asian LAB continues at a depth of about 150 km and is shallowing slowly. Fig. 4 makes also more clear how the mode of collision is changing from western to eastern Tibet. The westernmost profile (TK line from Tien Shan to Karakoram) shows clearly dominating Asian subduction. This is already known from seismicity. In western Tibet (west line) Indian subduction is already more emphasized than Asian subduction, but has a large horizontal component and reaches very far north, almost to the Tarim Basin. Further east (central line and east line) Indian subduction is getting steeper than Asian subduction.
Discussion
In Fig. 5 are shown enlarged P receiver function details of the upper mantle discontinuities at 410 and 660 km depth along three profiles. The west and central lines are our new data. Data from the east line are from Kind et al. (22) . On the west line both discontinuities are close to the average value of the global IASP91 model (thin solid lines). Both discontinuities are apparently deepening at the northern end of the central and east lines. This can best be explained by a lower average velocity above 410 km depth in the north of both profiles. Regions with normal and late arrival time of the 410 discontinuity are marked in Fig. 1 . It should be noted that the sudden changes in the thickness of the crust and mantle lithosphere have limited influence on the 410 arrival times [<0.5 s (Fig. S4 and Fig. S5)] .
The relatively constant differential depths between the 410 and 660 discontinuities along the west, central and east lines indicate that the temperature in the mantle transition zone below most parts of Tibet is constant. Laterally varying temperatures would change the thickness of the transition zone due to opposing Clapeyron slopes of the phase changes in the olivine system (34) . The accuracy of this observation is about 10 km, which corresponds to about 70-100°C, which would be the limit of the temperature stability. We conclude from these observations that present day lithospheric tectonics does not reach the mantle transition zone below most parts of Tibet. This view is supported by Li et al. (15) who see little connection between the north directed upper mantle subduction of India and possible earlier deeper and south directed subduction of the Tethyan ocean. Fig. 6 shows results of seismic (SKS) splitting measurements along the west and central lines and a collection of available previous measurements (6, (35) (36) (37) (38) (39) (40) . SKS anisotropy data at Tibet along the two new profiles (red) and from a collection of other papers (6, 35-40, blue) . We see clearly that in southern and western Tibet, where the Indian lithosphere lies below Tibet, no or very weak anisotropy is observed. In contrast, the region in northern central and eastern Tibet, which acts like a mobile buffer zone between the colliding lithospheres, is characterized by strong anisotropy.
surface topography between west and east Tibet. The more rugged and higher topography in west Tibet can be supported by the rigid mantle lithosphere there, whereas to the east the lithosphere is weaker due to the existence of the crush zone. Of course many details are still elusive, especially little seems to be known about the lithospheric boundaries in the northeast. As a technical comment we would like to mention that data quality could be significantly improved by future experiments with much closer station spacing (3-5 km).
Methods
We used the P and S receiver function method to identify and to map discontinuities of elastic parameters and densities below Tibet. This is a standard seismic technique now. It utilizes signals from far away earthquakes that are converted from the P mode to the S mode, or vice versa at material discontinuities below a seismic station. The structure of these discontinuities leads to geological conclusions. We deployed relatively dense temporary networks of autonomously recording seismic stations for a time period of 2 yr to record a sufficient number of large earthquakes. More details of the method are given in SI Text.
